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to conduct the water across to the concavity of the next 
reach which has to be treated in the same manner. Wi th  
this treatment he inflections (crossing bars) of the bed dis- 
appear and we obtain banks alternately concave on each 
side. These banks may be designated conductors of the 
converging water-threads and of the channel." 
At this same Congress, Messrs. Mengin, Lecreulx and 
Guiard reported their observations of similar phenomena. 
They say : 
"0n ly  observation of fact is of any real value. 
" It is long known that concave banks produce deep pools, 
and all variations in curves of banks give rise to corres- 
ponding variations in depth. Clearly shown on the Garonne 
River. A general formula for the relation can hardly be 
stated for width, depth, speed, material. 
"A  local increase in width causes a shoal, a l though upon 
this same shoal the speed remains great and the bottom is 
unstable. 
" If, abandoning the rectil inear form of bed, we introduce 
curves, the continuity of these curves becomes extremely 
important." 
Thus these experienced practitioners would seem to con- 
firm in every particular the principles and practice upon 
which the single reactionary breakwater is based. 
THE GRAPHOPHONE GRAND.  
[t~ebtg the report oJ the Franklin fnstitute, through its Committee on 
5"cience and the Arls, on the invenlion of Thos. IF. Macdonald, and 
embracing a general history of sound-recording and reproducing devices, 
with a supplement, by Mr. Philip Mauro, Washington, O. C. Sub- 
Committee .. Louis E. Levy, Chairman ; Sam'l Sartain, If. R, Heft 
and/. M. Emanuel.] 
HALL  OF THE FRANKLIN INSTITUTE, 
[No. 2063.] PHILADELPHIA, November 28, I899. 
The Franklin Inst itute of the State of Pennsylvania for 
the Promotion of the Mechanic Arts, acting through its 
Committee on Science and the Arts, investigating~ .the 
merits of the " Graphophone Grand," reports as follows: 
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F~G. I.--Chladni's figures, 
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FIG. 2. 
FI~:;. 3. 
t~IGS~ 2 and 3.--Chladni's figures, showing symmetrical disposition of sand ora 
plates vibrated with violin bows and dampened at various points. 
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FIG. 4. 
Strehlke's experiments oi1 Chladni's plates, showing effect of mixing a very 
fine dust with the sand on the plates. 
FIG. 5..--Wheatstone's kaleidophone. 
FIG. 6.--Kaleidophone figures. 
FIG. 7.--Lissajoux' apparatus for showing combined vibrations of two tuning 
forks at right angles with each other. 
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PIG, 8.--Luminous figures produced by two notes in unison. 
I~G. 9.--Luminous figures produced by two notes an octave apart. 
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FIG: io.--Luminous figures produced by two notes a fifth apart. 
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The subject-matter of this application is a method of 
recording and reproducing sound, invented by Thomas H. 
3iacdonald, of Bridgeport, Conn., and termed the "Grapho- 
phone Grand." This method, as stated by Mr. Philip Mauro, 
in his presentation of the subject before the Franklin Insti. 
tute (March I5, ~899), and also in the patent specifications, 
is a modification of and improvement on the method pat- 
ented by Bell and Tainter in I886. A proper understanding 
of Mr. Macdonald's improvement, accordingly, entails a due 
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Fro. I L- -Graphic record of simple sound vibrations. 
consideration of the earlier invention, and, coincidently, a 
review of the prior art generally. 
Talking machines have been the aim of rmmerous in- 
ventors at least since, if not before, the year 1779, when the 
Imperial Academy of St. Petersburg offered a prize for the 
construction of a machine which should be capable of pro- 
ducing the vowel sounds as expressed by the human voice. 
The prize was awarded to Professor Kratzenstein, for his 
devices and investigations, which resulted in considerably 
widening the horizon of acoustic science, and present ly  
thereafter the Abb6 Mical in Paris 0783)and Von Krem. 
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pelen in Vienna (178S) were working in the same f ie ld.  
Many ingenious mechanisms were constrncted by these  
workers, and improved upon by various successors, of whom 
Faber, of Vienna, about I85O, produced a very remarkable 
speech-articulating machine. In 1857 , however, the at ten-  
tion of inventors was directed to a more promising field o f  
effort, through the labors of Leon Scott, who patented the  
sound-recording machine known as the Phonautograph, in
which the principles of acoustic physics were employed to  
produce an autographic record of the human voice and o f  
other compound sound vibrations. 
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FIo. I2 . - -Leon Scott's Phonautograph. 
The optieal demonstration f rhythmic sound-waves dates 
back as far as I787, when Ernst Chladni published at Leipzig- 
his epoch-making discoveries in this field, but, although these -
developments were amplified by the researches of Strehlke 
in 1825, of Young and Wheatstone in the following decade, 
and by those of Tyndall, Helmholz, Melde and Lissajoux at 
subsequent periods, the graphic reproduction ofvocal sounds 
appears to have been first effected by Scott's appliance. In 
that instrument the sonorous impulses produced by speech 
and other non-rhythmic tones were graphically recorded 
through the vibrations of a tympanum consisting of a flexible 
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diaphragm, acting by means of a stylus on a revolving cylin- 
der, and it is this sensitive tympanum and its attached 
stylus, developed and improved by successive inventors, 
that form the essential elements in the talking machines 
of to-day. 
The phenomena demonstrated by Scott were analyzed in 
relation to vocal sounds, and especially with regard to the 
separate functions of the vocal organs, by the French Lin. 
guist ic Society in 1875, and these studies, together with 
Bell's invention of the telephone, in I876, gave a new im- 
petus to research in the direction of talking machines. 
In the spring of I877, the Paris Academy of Science 
appears to have received from M. Charles Cros a commu- 
nication proposing the production of Scott's sound records 
in the form of tracings on a transparent surface, and the 
reproduction of these tracings by a photo-chemical etching 
Fro. I3.--Edison's Phonograph. 
process in the form of sunken lines on the record plate. In 
a retracing of the record, these lines were to serve as guides 
to the stylus, and thus the vibrations of the diaphragm, and, 
coincidently, the corresponding sound-waves, were proposed 
to be reproduced. A method analogous to this, but  avoid- 
ing the intdrvention of photography, and producing the 
record directly on a plane metallic surface, was subse- 
quently developed in this country (iJa~cra), but Cros appears 
to have gone no further than to make the communication 
referred to, which was not published in the CoJ,a_~tes 2~end~s 
until some six months later, in September, I877, 
In the same year, however, the actual reproduction of 
sound tracings back into perceptible sounds was accom- 
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plished by Thomas A. Edison, through his invention of the 
sound-recording and reproducing device termed the "Pho- 
nograph." In this instrument he movements of the vibrat- 
ing diaphragm, which Scott h~td translated into the form of 
a sinuous line traced spirally around a cylinder, were re- 
versed in their effect. Instead of the stylus being caused 
to move in a plane parallel with the surface of the revolv- 
ing cylinder, it was made by Edison to indent the surface, 
and thus the sinuosities of Scott's line on an even plane 
were transformed into similar sinuosities of a line in a vary- 
ing plane. This was done with a view to causing the stylus 
to retraverse the variously indented line, and thereby repro- 
duce in the diaphragm the vibrations, and, coincidently, the 
original sounds, which had caused the indentations, and this 
effect was indeed produced in the mechanism which Edison 
devised for the purpose. 
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FIG. r4.--Section of tin-foil phonograph record. 
The movements of the recording stylus being derived 
from the minute impulses of sound-waves acting on a 
membrane, Edison found it necessary, in order to produce 
an indentation sufficiently marked to serve the purpose of 
reproduction, to reduce to the utmost  possible degree the 
resistance of the receiving material to the impact of the 
vibrating stylus. To this end, a thin grooved line was cut  
in a spiral around the receiving cylinder, and over this was 
fastened a sheet of tin-foil. By a suitable screw attach- 
ment the cylinder was revolved so that the spiral groove 
beneath the tin-foil passed under and in touch with the 
vibrating stylus, and thus the tin-foil was made to receive 
the impact of the stylus where the hollow groove in the 
cylinder left the foil without support. The  indentat ions 
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produced in the tin-foil by the movement of the stylus were 
sufficiently positive and distinct to permit their translation 
into audible sound-waves. This was effected by  causing 
the spiral line of indentation to repass before the stylus in 
contact with the latter, and thus to actuate the stylus as 
by a succession of cams and correspondingly to vibrate the 
diaphragm, which in turn transmitted its impulses to the 
surrounding air in the form of sound-waves corresponding 
to those which had produced the indentations originally. 
Edison's phonograph was thus the first strictly acoustic 
talking machine. 
The very property, however, of the tin-foil, or of any 
similar material that afforded the possibil ity of its being 
sufficiently indented through the impulses of sound-waves, 
proved an insurmountable obstacle to its practical appli- 
cation for the purpose in view. A very few passages of the 
line of minute indentations in contact with the reproducing 
stylus sufficed to so far level down the spaces between the 
indentations as to practically obliterate the record; and 
though various means of giving permanence to the record 
were devised and put into practice, such as filling in with 
wax on the back, to stiffen it, or a reproduction of the sur- 
face by electrotyping, the technical difficulties encountered 
in these processes left the instrument unavailable for 
practical use. 
Apart from various propositions to overcome this diffi- 
culty by causing a thin sheet of metal to vibrate in touch 
with a revolving cutt ing tool, in order to produce a sound 
record of durable quality, which does not, however, appear 
to have been actually attempted, the machinery of sound 
reproduction remained as Edison left it until i886, when 
the efforts of Chichester A. Bell and Sumner Tainter, of 
Washington, D. C., afforded a solution of the problem, 
The advance effected by these two inventors consisted 
essentially in the subst itut ion of a cutt ing edge for the 
indenting point of Edison's apparatus, and the coincident 
use of a material for their cylinders sufficiently cohesive to 
be practically available for reproduction and sufficiently 
amorphous to permit the cutt ing stylus to engrave its sur- 
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face. The substance which was found to an:~\vcr th<:~e 
requirements best is a compound of beeswax and p:t:':tffine, 
which in practice was imposed on the surface (,f a cylinder 
of pasteboard. 'rh~., slylus, having to cut into tim surface 
of the recording cylinder instead of indenting it, w ts 
accordingly fixed at an anglc to the radius of the cylinder, 
instc;td of parallel with it, and being held l)y a light spr~ng 
or weight, in contact with the revolving surface, while 
vibrating under the impulses of the sound-waves, the vibra- 
tions were rec~)rded in the waxy material in the f~rm of an 
engraved line whose depth varied in accordance with the 
vibrating movemcntsof  the cutt ingstvlus.  These cuttings 
gave at once a record deep enough for reproduction and 
rigid enough to permit the repassage of the record in con- 
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FIG. J5.--Cross-seetion of Belt and Tainter's graphophone record, showing 
process of cutting by stylus. 
tact with the reproducing stylus a considerable number of 
times, without the successive levations and depressions of 
the record being materially altered in their relations. In 
this regard the smoothness of the waxy ground afforded a 
material advantage, if?he positive nature of the engraved 
record, and the strength of the material in which it was 
made, afforded also the possibility of the records being 
mechanically duplicated on other cylinders by transmitt ing, 
through suitable connections, the motion of the recording 
stylus on the former to a cutter on the revolving surface of 
the latter. 
Apart from the great advance effected by Messrs. Bell 
and Tainter in producing the sound records in a compara- 
tively permanent and praetieable form, they improved in 
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many important respects the various mechanisms required 
in the process. Their apparatus, in distinction from Edi- 
son's " phonograph," was called the "graphophone." 
This historical review of the progress of sound-recording 
and reproducing mechanisms brings us, at this point in 
chronological order, to the consideration of another device 
for the same purpose, already alluded to, and which also 
may be regarded as starting from the phonautograph of
FIG. I6.--Seetion ofBerliner gramophone re ord. 
1857, but which, continuing on the lines of that instrument 
to obtain the record on a plane surface, diverged at this 
point and wrought this flat record into depressions by 
chemical means. These depressions, however, recorded the 
vibrations of the sound-receiving diaphragm in sinuosities 
of the side walls instead of sinuosities of the bottom of the 
lines. This was the so-called "gramophone," invented in 
1887 by Emile Berliner, also a resident of Washington, 
D. C., and which was brought out before this Institute in 
May, 1888. 
The principle of Berliner's procedure differs radically 
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from those of his predecessors, inasmuch as his record, 
being effeeted by a stylus vibrating in a plane parallel with 
the receiving surface, is free from the disturbances result- 
ing from a varying resistance to its movements.  This latter 
factor enters inevitably into the result when a depression of 
any surface is effected by indentation or by cutting, the 
resistance natural ly increasing with the depth of the 
depression to be produced, while the latter is directly 
related to the ampl i tude of the vibration which the depres- 
sion is to record. Berliner's record was traced in the form 
of a spiral line on the surface of a disk of polished zinc, 
! 
.... / j ' - -~ 
FIG. 17.--Section of graphophone 
record, showing condensed sinuosi- 
ties. 
FIG. 18.--Section of Graphophone 
Grand record, showing extended 
sinuosities. 
through a film of extreme tenuity, composed of a fatty acid 
obtained from a solution of wax. This film serves as a 
resistant to an etching" mordant, whieh effects a depression 
of the traced line by erosion of the bared metallic surface, 
the etching then being ready for reproduction into sound- 
waves by reversing the procedure. 
We now come to the latest innovation in acoustic me- 
chanisms, the so-called "Graphophone Grand," as presented 
by Mr. Mauro. This invention, as has already been noted, 
July, I9oo. 3 Gra~/zo~/loJlg Grand. 2 9 
is a modification, by Mr. T. H. Macdonald, of the grapho- 
phone of Belland Tainter. 'I'he improvement of the parent 
invention is effected (claim I) " by imparting to the tablet a 
high surface speed, thereby forming undulations of great 
amplitude with long, gentle, easy strokes, as eontradistin- 
guished from a record of the same sound having short, 
abrupt undulations." l#urthermore (claim 2), in the "plac- 
ing of the vibratory cutting stylus in contact with a record 
tablet at an acute angle to the tangent at the point of con- 
tact." 
With  regard to these procedures, it appears from Mr. 
Mauro's presentation that there is no difference between the 
graphophone r cord of Bell and Tainter and that of Mr. 
T. H. Macdonald, except " that  the recording tablet of the 
' Grand 'moves with a surface velocity of from two and ahalf 
to three times that given to the small tablet. The former is 
made large because, for practical reasons, it is preferred to 
obtain the high surface speed by increasing the diameter of 
the tablet rather than by increasing its axial speed." 
With reference to these practical reasons it is noted in 
Mr. Mauro's presentation that "superficial considerations 
would indicate that such change in operation could only 
have the effect of producing a corresponding elongation of 
the undulations, and, in order to see a logieal connection 
between the eause and effect, we must observe a little more 
closely the conditions under which records of sounds are 
made and reproduced." These conditions, it is stated, ."may 
be roughly described as follows: The cutting stylus, per- 
forming its pendulous motion corresponding to the sound- 
waves, cuts a sinuous line composed of alternate levations 
and depressions. As the cutting edge begins to descend to 
cut a depression, it at first encounters practically no resist- 
ance, the sharp edge alone being in contaet with the mate- 
rial of the tablet ; but, as the movement continues, the crest 
just being formed by the descent of the cutting edge comes 
in contact with the shank of the cutting stylus, that is, the 
smooth cylindrical surface forming the periphery- of the stylus. 
As soon as this occurs a check is imposed upon the further 
penetration of the stylus, which is no longer free to follow 
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the movements of the atmospheric impulse. The effect of 
this check or damping influence is not merely to diminish 
the penetration of the stylus, but also to modify to some 
extent the form of the undulations. 
" The effect of increasing the velocity of the recording 
tablet will now be easily understood. If that velocity be 
made sufficiently great, the crest of the undulat ions as they 
are formed are, so to speak, carried away so rapidly that 
they do not come into contact with the shank of the stylus 
at all. More exactly stated, the descending slope becomes 
a very gradual as dist inguished from a very abrupt one, the 
curve approaching more nearly to parallelism with the 
recording surface. It follows that, the resistance or check 
being removed, the stylus will penetrate to a much greater 
depth than formerly, and will form undulat ions of much 
greater amplitude. The volume of sound being dependent 
upon the amplitude of the vibrations, the increased volume 
of sound is thus accounted for." 
All this is quite true, but the uti l ity of increasing the 
diameter of the cylinder to obtain the greater peripheral 
speed is not thereby made apparent. In a passage pre- 
ceding the above quotation, it is noted that  "when the 
speed is increased aproportionately greater amount of mate- 
rial is cut away in a given time, i. e., more work is (lone and 
more resistance overcome during the period occupied by  the 
utterance of a given sound. It  would appear to follow that 
increased velocity does not diminish the resistance to the 
movement of the stylus, but  just  the reverse." It is clear 
enough that greater peripheral speed is desirable to the end 
of making the undulations of the incisions longer and corre- 
spondingly more gradual, but inasmuch as the length of the 
line and coineidently the extension of the undulat ions may 
be obtained on a smaller cylinder by increasing its peripheral 
speed, it appears certain that no gain in this respect is ob- 
tainable by the use of the larger cylinder. This conclusion 
is corroborated by a consideration of the element of resist- 
ance in relation to the angle of the cutt ing stylus to the 
tangent of the receiving cylinder. Immediate ly  fol lowing 
the statement above quoted, Mr. Mauro notes as fol lows: 
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" The factor of resistance, however, has had an influence in 
determining tlle angle of inclination of the stylus to the 
recording surface and the shape of the cutting point. The 
latter is formed by a small cylinder of sapphire cut off in a 
plane nearly at right angles to the axis, so that the cutting 
edge is approximately an arc of a circle. With such a cut- 
ter the resistance to its action would be greatest when it 
operates in a position normal to the recording surface, and 
least when placed tangential thereto. This theoretical posi- 
tion of least resistance is, however, inadmissible in the 
operation of recording sounds. In this operation we have 
two movements o consider. The first is the straight-ahead 
movement of the tablet which results merely in the removal 
of the material in front of the cutting point and the forma- 
tion of a groove, if the stylus were stationary during the 
operation it could, manifestly, and with great advantage, 
oectlpy a position almost tangential to the cylinder; but 
there is a second and all-important movement, namely, that 
due to the vibrations of the diaphragm, which movement is
substantially radial of the cylinder. It would be manifestly 
impossible for the stylus to perform this movement at all if 
it occupied the ideal tangential pos!tion, for that would 
imply forcing the stylus sidewise into the hard body of the 
tablet, a task far beyond the strength of the feeble sound- 
waves. In practice, therefore, the stylus has been inclined 
at an angle of about 35 ° to the tangent at the point of con- 
tact." 
Thus, it appears that the additional work imposed on 
the cutting stylus by the elongation of the line which it 
must cut is overcome by giving the cutting tool a sharper 
angle of incidence and possibly a sharper cutting edge. 
The added work entailed on the cutting stylus by the 
increased epth of the depression, obtained by freeing its 
shank from the back-hold of the preceding elevation, may 
be left out of account as being equivalent in work of the 
power lost in the back-hold. We have, therefore, to con- 
sider only the final element of the subject here presented, 
the position of the cutting stylus in relation to the tan- 
gent of the receiving cylinder. 
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It is plaha (I) that the most efficient position of the 
cutt ing stylus would be ill what Mr. Mauro recognizes as 
the ideal, that is, the tangentia] position; (2 ) that  the 
smaller the diameter of the cylinder, the more nearly could 
the too] be brought  to the tangential position without 
suffering the hold-back of the ridges in cffecting the de- 
sired impressions. 
Conversely, the highest position, that is, the largest 
angle of incidence required for freedom from back-hold, 
would be necessitated if a flat surface were to be incised 
by the tool, and inasmuch as the surface of a large cylin- 
der offers more nearly the geometrical condition of a plane 
FIG. I9.--Reduced reproduction f FIO. 2o.--Redueed reproduction of
ordinary graphophoue r cord .  Graphophone Grand record. 
than that of a small cylinder, it follows that the efficiency 
of a cutt ing stylus, depending as it does on the acuteness 
of its angle of incidence, would be greater on a small than 
on a larger cylinder. 
The possibility of obtaining a greater volume of sound 
by enlarging the characters of the sound record is noted 
by Berliner, in the Journal of the Fran~li~ Instit~tte for June, 
1888. Mr. Mauro's statement that "methodica l  experi. 
ments have shown that beyond a certain critical speed 
there is no gain either in loudness or quality, but that, 
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on the contrary, the results deteriorate upon further in- 
crease of velocity," is in line with the previous observations 
of Berliner (Teehnische Notizen, etc., Leipzig, July, I89O), 
where, with reference to sound records on horizontal sur- 
faces, it is stated "that  the wave amplitudes increase up 
to a certain peripheral speed. Up to the present ime this 
limit is reached at a velocity of 60 centimeters per second." 
This is equivalent to 36 meters per minute, while Mr. Mac- 
donald stated it as being approximately 44 meters, 
The utility of increasing the peripheral speed of a cylin- 
der in which a sound record is to be incised is apparent 
in the greater gradation of the undulations and in the 
freedom from back-hold of the cutting stylus which these 
more gradual undulations afford. The embodiment of this 
utility in the Graphophone Grand is hereby recognized by 
the Franklin Institute, through the award to Mr. Thomas 
H. Macdonald of a Certificate of Merit. 
In view, moreover, of the material advance effected by  
Messrs. Chichester A. Bell and Sumner Tainter in the de- 
velopment of sound-recording and reproducing mechanism, 
through their invention of the graphophone, the Franklin 
Institute recommends the award of the John Scott Legacy 
Premium and Medal to the said inventors jointly. 
Adopted at the stated meeting of the Committee on 
Science and the Arts, held Wednesday, January 3, I9OO. 
JOHN BIRKINBINE, President. 
W~x~. H. WAHL, Secretary. 
Countersigned by 
]~I)GAR MARBURG, 
Chairman Committee on Scie,lce and the Arts. 
